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A review of the literature indicates that up to 80% of multiple sclerosis (MS) patients report worsening of symptoms with elevated body temperature; there are also anecdotal reports of amelioration or improvement in some signs and symptoms of MS with lowering of core temperature. This paper reviews the possible physiological basis for temperature effects in multiple sclerosis and discusses clinical trial design issues for objective evaluation of the therapeutic use of cooling in the symptomatic management of MS, cooling. garments, and core temperature measurement. Key Words: Multiple sclerosis&mdash; Nerve conduction&mdash;Cooling&mdash;Temperature&mdash;Treatment&mdash;Cooling garment.
Heat has an adverse effect on thc neummotnr performance as well as psychological status of MS patients. The incidence of heat sensitivity is estimated to he between 60% and 80% of the MS population (1, 2) . Some symptoms associated with heat exposure are fatigue, gait disturbance, inahility to think (a mental &dquo;fog&dquo;), and general weakness, in addition to exacerbation of must preheat signs and symptoms (3) . Often visual acuity worsens and oculomotor signs may appear or worsen. MS patients may notice their sensitivity to heat through experience with temperature-elevating activities such as taking hot baths or showers, Jacuzzis, and sunbathing, and incidence of severe morbidity related to such activities has been reported (4, 5) . Symptoms may appear or wursen in relation to elevations of ambient temperature (1, 6, 7) .
Patients also report worsening with physical exertion, especially in visual function (Uhthuffs sign), and the presumed associated temperature increases . There also have been reports of worsening symptoms associated with normal fluctuations in diurnal temperature ( 12, 13 ) . There are a few reports of irreversible damage after controlled heating (7) . The exact mechanisms by which heat may worsen the signs and symptoms Ot MS are unknown, but the increased susceptibility of demyelinated axons to elevated temperature is thought to be a primary factors (14, 15) .
Patients have also reported using cold showers, ice packs, and iced drinks to relieve heat-associated symptoms or to temporarily improve some signs and symptoms, and results of a few controlled studies have supported such effects ( 16-1S) . Temperature-related worsening or improvement in symptoms typically subsides and the patient is returned to baseline function with return to normal body temperature. Recently several companies have begun to market &dquo;cooling garments&dquo; for use by multiple sclerosis patients to help maintain body temperature and also as a putative treatment for the symptoms of MS.
Unfortunately, there are very few studies of the shortor long-term benefits of controlled cooling in MS, and even the theoretical basis for such effects have not been systematically delineated.
In this paper we review literature on the effects of temperature on nerve conduction in both myelinated and unmyelinated nerve fibers, present reports of heat lability in MS patients, discuss prospccts for lowering CNS temperature using cooling of the head and body, review studies on methods for measuring core brain temperature, and discuss some methodological issues in objective evaluations of cooling thcrapics in MS.
Effects of Temperature on

Nerve Conduction
Temperature plays a critical role in nerve conduction. The neurophysiological literature documents the thermosensitivity of nerve conduction velocity, motor and sensory unit potential amplitude, duration, and latency in both mammalian and non-mammalian organisms (15, .
The thermosensitivity can be demonstrated at the most basic levels. Hodgkin and Katz (25) found a decrease in the amplitude of intracellularly recorded action potentials of the squid axon with increasing temperature. Huxley (68) used the experimental equations developed by Hodgkin and Katz to compute and confirm the action potential parameters for different temperatures. Schoeptle and Erlanger (21 ) also had observed a consistent negative temperature coefficient of the potential amplitudes from single frog axons. On the other hand, Tasaki and Fujita (23) , when recording from single axons of the spring toad, registered a small increase of spike height with rising temperature. Gasser (20) found a positive temperature coefficient for compound action potentials of frog sciatic nerve.
Investigations on animals have established systematic effects of temperature on nerve conduction velocity and action potential amplitude. Miller (39) studied caudal nerve function as related to temperature in some Alaskan mammals. He found that the usual strength-duration characteristics of all nerves were altered by temperature and that the magnitudes of composite action potentials were greatest at 15 to 25°C and decreased at higher or lower temperatures. Lee and Bowen (47) determined that conduction velocity in the dog ulnar nerve increased with temperature rise between 20° and 37°C. They also found that motor unit potentials evoked at 20°C differed from those evoked at 37°C by their decreased amplitudes, increased duration, and prolonged latencies. Kraft (44) reported decreased conduction velocity due to cooling of the isolated phrenic nerve of dog. Based on the investiga-tion of the influence of limb temperature on sensory nerve conduction velocity in horses, Wheeler (67) concluded that nerve conduction velocity was greater with higher limb temperature regardless of the nlanner by which temperature was manipulated (between 21 and 36°C).
Studies on the thermosensitivity of nerve conduction in man have produced similar results. Buchthal and Rosenfaick (37, 69) reported that sensory nerve conduction velocity in human subjects dropped ahout 2.0 m/sec/degree C between 36 and 21°C. From a study of the effect of cold on nerve conduction of human slow and fast median nerve fibers, de Jesus et al. (45) confirmed the general concept that nerve conduction velocity decreasees with cold and that the relationship hetwcen velocity and temperature is approximately linear. They further suggested that different nerve fiber groups may have different temperature sensitivities; in particular, certain classes of fibers are more sensitive to cold.
Earlier studies had demonstrated that the conduction velocity of the large group A fiber was decreased most rapidly with cold, followed hy group B and C fihcrs (29, 70) . Ludin and Beycler (49) reported that sensory nerve action potentials recorded from normal human median nerves at the wrist and elbow under different temperatures showed an increase in conduction velocity with rising temperature, a negative temperature coefficient for the duration of the action potentials, and an increase in amplitudes with rising temperature between 26 and 36°C. Lowitzsch et al. (50) reported similar results in their study on the effect on human ulnar nerve of cooling between 30 and 20°C. They found that maximum conduction velocity decreased with cooling, hut ahsulute and relative refractory periods increased. They also observed a more pronounced trend for thermal effects at lower temperatures.
Halar ct all. (57) found that variations in tissue temperature produced a significant alteration in human tibial motor and sural sensory nerve conduction velocities (NCV) when tissue temperature fell below the physiologic temperature range. They suggested that NCV does not change appreciably with ambient room temperatures ranging from 19 to 33°C. The same phenomenon has been noted by other workers (71) . Bolton et al. (59) observed that compound action potentials (CAPs) from human median digital nerves, median sensory nerve at the wrist, radial sensory nerve at the wrist, and median thenar muscle, all demonstrated progressive reduction in latency, amplitude, duration, and area during rising temperature. They also suggested that rising temperature caused a relatively greater increase in conduction velocity of larger myelinated fibers, although this relative increase was small. In this regard, Li et al. (72) also noted that temperature affects the rate of conduction of myelinated fibers, the larger myelinated fibers of the cat cervical vagus nerve conducting more rapidly with increase in temperature than the smaller diameter fibers. Basgoze et al. (64) reported that cooling (ice) increased the distal latency and decreased the amplitude of M-waves recorded from the median nerves of healthy subjects. Based on an electrophysiologic study of responses of human sural nerve to temperature, Greathouse et al. (66) tul1l1c1 that lower temperatures evoked prolonged latcncies and lower amplitudes, while higher temperatures evoked faster latencies and higher amplitudes.
A number of investigations havc demonstrated temperature sensitivity uf cuchlear electrophysiology (61, 63, (73) (74) (75) . Temperature was also found to influence communication processes at the gap junctions (40, 61, 63, (73) (74) (75) (76) . Santos-Sacchi (63) found that cooling the organ of Corti reduced membrane potentials, increased input resistance, and decreased coupling ratios. These effects werc reversible upon warming. They maintained that the supporting cells of the organ of Corti arc vcry susceptible to cold-induced depolarization and that Hensen's cell depolarizes coincident with decreasing temperature and repolarizes with temperature rise.
In summary, a wide range of studies have indicated profound temperature effects on nerve conduction, sensory neural systems and muscle function. In general, the relationship is that of an inverted U-functiun centcring around a narrow range of normal and slightly elevated physiological temperatures. There is facilitation of function with slightly elevated temperatures and depression with decreasing temperature. Increasing deterioration and 1 complete blockage of function occurs with severe hypoor hyperthcrmic cnnditil1ns (77, 7S).
Mechanisms of 'Femperattt7-e OeJ)endence
A numher of possible explanations have heen forwarded for the effect of temperature on nerve conduction.
Lee et al. (47) argued that the effect of temperature on nerve conduction velocity results from a direct alteration of neural mechanisms involved in impulse propagation rather than from an indirect effect such as alterations in local blood flow. Hodgkin and Huxley (79) had computed the ion movements during excitation in the squid axon and determined that membrane current was much smallcr at 18.5°C than at 6.3°C. Based on these results and other experimental and theoretical evidence, Lulin and Beyeler (49) concluded that a temperature induced conduction block in normal and demyelinated mammalian nerve fibers is due to the negative temperature coefficient of the membrane current. Pulituff et al. (76) found a reduction of membrane potential associated with cooling of salivary glands of Chironomus thummi larvae from 20°C to 5°C. However, uncoupling of cells from this tissue required prolonged cooling. These workers speculated that cooling causes some change in a metabolically dependent concentration of a cellular constituent (e.g., Ca ion), which is responsible for the uncoupling. Subse, quently, they demonstrated that depolarization of those cells by outward currents caused uncoupling and again conjectured that it possibly resulted from an increase in . intracellular calcium ion. Santos-Sacchi (63) concluded from his study of temperature dependence of the electrical coupling in the organ of Corti that the nerve depolarization of Hcnscn's cells does not interfere with cellular communication. He also asserted that an influx of extracellular calcium ions is not responsible for the uncoupling observed. He suggested that the release of an intracellular store of calcium ions or a decrease in intracellular pH (H ion being a more potent uncoupler than Ca ion) remains a possible mechanism. In considering the temperature effects observed for sensory and motor action potentials, Ludin and Beyeler (49) suggested that the decrease of the potential duration with increasing temperature must be attributed to two dif ferent mechanisms: (1) temporal dispersion of the action potentials for different fihers becoming smaller, and (2) shortening of the individual spikes. They noted that in normal mammalian nerve fibers heat-blocks occur at temperatures above 44°C. Therefore, assuming a constant number of active fibers, the amplitude of the compound potential depends not only on the height of the spikes, but also on their temporal dispersion. Since dispersion decreases with increasing temperatures, the compound potential amplitudes increase (49) . Bolton et al. (59) suggested that the sensory action potential changes occur predominantly because of the summated effects of reduction in the duration of the action potentials of single myelinated fibers, although disproportionate increase in the cm1LJuction velocity of larger myelinated tihers may play a role.
With regard to the decreased neural conduction due to cooling, Greathouse et al. (66) proposed that sodium permeability of nerve axons may be less during excitation, resulting in a slower sodium influx and an increased latency (i.e., slower neural conduction).
Ef fects of Teinf)e?-attt7-e on Demyelinated Nerve
There is suhstantial evidence that the effect of temperature on demyelinated nerve fibers is more critical and functionally significant than that on normally myelinated or unmyelinated fibers. Paintal (35) concluded that at constant experimental conditions, all myelinated nerve fihers would be blocked at nearly the same mean temperature. Also, Miller (39) maintained that in any given nerve trunk the component myelinated fibers all block at the same temperature, but this blocking temperature may vary with the nerve's ambient temperature. With demyelinated nerves, temperature effects become significant at different levels and with different consequences. This may be due to structural and physiologic changes caused by demyelination. Kaeser and Lambert (80) reported that in segmentally demyelinated peripheral nerve associated with experimental allergic neuritis or induced by systematically administered diphtheria toxin, neither slowdown or blockage of neural conduction were observed. They suggest that slower conduction velocity might be attributed to the loss of myelin which, by decreasing the density of the action current flowing through the node of Ranvier, prolongs the time required to trigger an action potential. A number of other investigators have reported that conduction through localized demyelinated lesions was either slowed or blocked (81) (82) (83) (84) (85) (86) . Davis (87) performed electrophysiologic studies on isolated single lobster axons to determine the effect of temperature on conduction at the site of mechanical and thermal lesions. He observed that conduction blocks produced by these lesions were remarkably sensitive to small changes (less than one degree centigrade) in temperature. He also found that conduction could be restored by cooling the nerve, while rewarming caused blockage. Furthermore, in a similar investigation, Davis and Jacobson (14) studied the effects of temperature on conduction in demyelinated peripheral nerves of the frog and guinea pig. They showed that in pressure-injured, demyelinated nerves, conduction block occurred at temperatures approximately 6°C lower than in normal nerves. In fact, conduction block was observed in demyelinated nerves at normal body temperature. A similar phenomenon was observed in guinea pig demyelinated nerve (experimental allergic neuritis), and in some cases at temperatures around 15°C lower than in controls. Rasminsky (15) observed that increases of temperature of 0.5°C, well within the physiological range, caused reversible conduction block at identifiable intemodes of experimentally demyelinated rat ventral root fibers. These internodes showed greatly increased intemodal times. At less severely affected internodes, increased temperature caused a reduction in intemodal conduction time relative to normal internodes (15) . Finally, Swadlow et al. (60) examined the effects of changes in brain temperature on conduction velocity and minimal interspike interval in non-myelinated callosal axons in awake and in barbiturate-anesthetized rabbits. They found these two parameters showed different sensitivities to brain temperature.
For a range of 4.0°C (between 36 and 40°C), increase in brain temperature resulted in a decrease of approximately 2.5% per degree C in antidromic latency, and in a decrease of approximately 10% per degree centigrade in minimal interspike interval.
There is no definite explanation for the mechanism of temperature effects on demyelinated nerves. Neural transmission is accomplished via action potentials, which are electrical impulses propagated along the axonal membrane. Axonal wave propagation is a regenerative process.
The action potential generates a local current that flows through the inactive region of neuron in front of the advancing impulse and stimulates this region to generate an action potential. The occurrence of this regenerative process at successive points along an axon constitutes impulse conduction (87, 88) . In normal non-myelinated fibers conduction occurs at immediately adjacent points; however, in myelinated axons, the impulse is regenerated at successive nodes of Ranvier. Conduction in myelinated fibers becomes a saltatory process, the impulse jumping from node to node. This type of conduction is largely dependent on the myelin sheath which, by means of its insulating properties, prevents the wasteful short-circuiting of the action current (87, 88) . At a node in the lesioned area, the total current available for excitation may be marginally sufficient, or totally insufficient for actual conduction to occur ( 15, 87, 89, 90) . It has heen suggested that the decreased conduction velocity in segmentally demyelinated nerve may be due to a decrease in nodal current density (80, 81, 91) .
Rasminsky (15) maintained that the increased conduction velocity (decreased intemodal conduction time)
found with increased temperature in normal fibers reflects more rapid delivery of excitatory current to nodes at which the excitation threshold is unchanged or perhaps even reduced. Based on the same reasoning, he also concluded that decreased internodal conduction time with increased temperature would be expected at intemodes of demyelinated fibers (15) . Huxley (68) suggested that the conduction block seen with increased temperature in unmyelinated fibers is due to the increase in the rate of recovery processes (potassium activation and sodium inactivation) overtaking the acceleration in the rising stage of the action potential (sodium activation). Davis (87, 90) proposed a hypothesis based on the concept of a neural conduction safety factor, which was defined as the ratio of the action current generated by a nerve impulse to the minimal amount needed to maintain conduction. He suggested that if the safety factor is decreased to a level that just barely allows conduction, the smallest additional insult (for example, due to heat) could produce a block. Davis (87) suggested that the magnitude of the safety factor is inversely proportional to temperature. Schauf and Davis (92) produced computational models of myelinated and demyelinated nerve fibers and showed that the conduction velocity of normal nerve increased with increasing temperature up to 42°C, beyond which decreases and blockage occurred. Similar functions were found in demyelinated fibers, except with decreased slopes and lower blocking temperatures. Increasing levels of demyelination resulted in conduction failure (blockage) at progressively lower temperatures, until blockage would occur within the normal physiological range of temperature in fibers with substantial demyelination (80-90%). They suggested that temperature-related conduction block, rather than changes in conduction velocity, was sufficient to explain fully the clinical worsening seen in MS patients with hyperthermia. A number of investigators have provided evidence of a neuroelectric blocking factor in MS sera (93) (94) (95) , that may interact with temperature to cause rapid shifts in conduction (95) .
A number of other hypotheses have been proposed for the mechanism of heat effect on neural conduction in demyelinated nerves. Vasoconstriction and a humoral factor have been suggested (3,96,97), but have not received much empirical support. Zweifach (98) reported weakness and visual or oculomotor dysfunction during controlled heating in MS patients. In the latter study, 32/41 patients showed either new symptoms or worsening following dry body heating; the changes were more pronounced and more frequently observed in patients with moderate to severe MS. Nelson and colleagues ( 101 ) immersed twelve MS patients, sixteen normal controls, and seventy-two patients with a variety of non-MS neurological disorders in hot baths for twenty to thirty minutes. All twelve MS patients showed evidence of worsened neurologic function after heating. The most common change (11/12) was either new or worsened oculomotor and/or visual dysfunction, one showed dysarthria, another increased ataxia of the legs and spontaneous ankle clonus, and only 1/12 showed decreased grip strength measured objectively. Three of thirteen normals showed evidence of neurologic worsening (one showed decreased grip strength, and two tetany). Forty of the seventy-two non-MS neurologic patients showed one or more adverse neurologic changes, although the types of changes appeared distinct from those of the MS patients. The MS patients showed changes at lower oral temperature increases (up to 2.5°F) than the other subjects. It was estimated that symptoms first appeared at a temperature increase of 1.6°F, and either the symptoms worsened or new ones appeared with further temperature increase in the MS patients. The ten patients with more advanced MS also showed earlier and more severe changes than the two with mild or moderate MS. In a study designed to measure more precisely the rectal temperature at onset of neurologic symptoms in fourteen MS patients during either hot bath immersion (n = 9) or dry heat (n = 5), Nelson and McDowell (102) reported that 13/14 showed one or more new or worsened neurologic signs after having their temperature increased by 0.5 to 2.5°F. Patients with active disease (recent exacerbation) showed more signs and at lower temperature increases. Again, the most frequently observed changes involved oculomotor function or decreased visual acuity. Davis and colleagues (103,104) induced hyperthermia using a &dquo;hot bath&dquo; procedure to provoke possible subclinical symptoms in MS patients. They found that induced hyperthermia produced marked temporary worsening in MS signs and symptoms in patients who were otherwise clinically stable. In the largest systematic study of the diagnostic yield of the hot bath test, Rolak and Azhizawa (105) found that only 8/23 definite MS patients and 4/27 patients with probable MS showed symptom appearance or worsening with a temperature rise to 39°C (baseline temperatures were not given). Zweifach studied three patients with MS and prominent Uhthuff's sign and reported that visual loss was directly related not only to increase in body temperature, but also to its rate of increase (98) .
Controlled heating of MS patients has also been found to increase latency of evoked potentials and to provoke other objective changes in oculomotor or visual function (106) (107) (108) (109) (110) , even with oral temperature changes as small as 0.5°C (111) . Namerow (112) reported that critical flicker fusion frequency, a measure of the high frequency response of the visual pathways in MS patients, decreased (worsened) with steam bath induced temperature increases as small as 0.1°C. In contrast, control subjects showed small increases (improvements) in frequency during heating. Roohi and Cook found that induced temperature rise in MS patients increased maximum peripheral nerve conduction velocities, but had no noticeable blocking effect on peripheral nerve conduction and neuromuscular transmission (113) .
Additional evidence for heat-related sensitivity in MS comes from observations that visual and motor symptoms may worsen with nonnal circadian increases (0.4--0.6°F) in oral temperature (12, 13, 97) . Further, worsening of symptoms following exercise has been described ( 10-12), but not consistently (114, 115) . In a case study, exercise was associated with decreased visual acuity and contrast sensitivity, but this exercise-related worsening was less pronounced when the patient was cooled during exercise (11) .
Effects of Cooling in MS
There are also reports on the therapeutic cffects of lowering body temperature. Bassitt et al. ( 16) found that in three MS patients tested using cold applications in the management of spasticity resulted in release of spasticity that allowed initiation of active movements and ultimate gain in power. They cautioned that there was no appreciable benefit in 30% of the MS patients (total number unstated) given cool therapy. Boynton and colleagues immersed ten MS patients in water at 80°F for ten minutes and found that all subjects reported a feeling of relaxation with less muscle spasm and greater ease in the sitting or standing position (116) . Three of their patients showed immediate and rather remarkable increase in their ability to ambulate following treatment with the cool bath, and four showed minor improvement in standing erect in parallel bars and feeling less heaviness in the lower extremities. After detailed study of induced cooling under controlled conditions in eight MS patients, Watson concluded that a reduction of body temperature of about 1°F was necessary to obtain improvement in the signs and symptoms of MS (17) . He stated that all symptoms and signs, with the exception of long-standing and very severe ones, improved almost simultaneously in variable but often remarkable degree after adequate reduction in body temperature. Further, he noticed a correspondingly rapid and pronounced worsening of the symptoms on rewarming.
The nervous system deficits that showed improvement with cooling included visual acuity, disorders of gaze and extraocular movements, passive stretch and willed movement, swallowing, phonation and articulation, spastic resistance to passive movement at joints, and deep tendon jerks (17) . Hopper and associates (97) reported fluctuations in visual acuity in a single patient studied under conditions of induced oral temperature increase and decrease. Visual acuity worsened with heating and improved with cooling compared to the normothermic state. Improvement of clinical signs of MS during three to seven days of prolonged hypothermia (rectal temperature decreased to 33°C) was reportcd in two patients with progressive disease (117) . In a single case report, Scherokman and colleagues reported improvement in visual acuity and reappearance of an absent pattern visual evokcd potential component about cight minutes following ingestion of 300 ml of ice water (18) . The visual and evoked potential changes were accompanied by a 0.25°C drop in tympanic temperature.
Worsening of signs and symptoms with cooling in MS patients has been reported anecdotally ( 1, 115) and demonstrated experimentally in one patient (117) .
Potential Mechanisms for Cooling Effects in MS
Watson (17) suggested that the improved neuroperformance in MS patients during whole body cooling resulted directly from the physical cooling of the CNS. Hopper et al. (97) concluded that experimental heating and cooling of nerve tissue results in functional changes opposite to those in the MS patients. They suggested the following as an alternative to the cooled nerve hypothesis : (1) one or more of the hormones released in the physiologic response to cold stimulus improves neural communication, (2) the intensity of this hormonal response, and the ensuing symptom improvement, is a reflection of the type of cold stimulation rather than the degree of hypothermia (97) . On the other hand, other workers ( 119, 120) have rejected the hormonal hypothesis. Anonymous (119) stated that the theory of Hopper et al. failed to account for the rapidity of the patient's improvement when given adrenaline or iced water, and for the decline in visual function accompanying a fall in rectal temperature (which in turn should have triggered the presumed hormone release phenomenon). Anonymous ( 119) suggested a reorganization of regional blood flow as a simple explanation for the cooling effect in MS reported by Watson. McDonald and Sears (120) also rejected the blood flow hypotheses, but did not provide a viable alternative hypothesis. Davis (87) hypothesized that the cooling effect in MS is related to the dynamics determining the conduction safety factor in demyelinated nerves. He maintained that restoration of conduction with cooling could be due to an increased safety factor, which enables the impulse to jump the block. He suggested that it is also possible that cooling restores conduction in the blocked segment. He believed that both of these ideas are compatible with a single mechanism based on the concept of conduction safety factor. In this view, the conduction safety factor in demyelinated nerves is at a marginal stage, so that the smallest additional insult (e.g., heat) can cause a block. Conversely, cooling may increase the already depressed safety factor in marginal cases, and thus result in enhanced conduction. This view has been supported by others ( 15, 98, 120, 121 ) .
More recently, Schauf and Davis (92) maintained that for a population of partially demyelinated axons increasing body temperature has the effect of increased demyelination, while reduced temperature mimics the effect of decreased demyelination. On the other hand, demyelination can so reduce the hlocking temperature that conduction fails at temperatures only slightly above normal body temperature (15, 87, 92) . In this view, decreasing brain temperature in MS patients should result in improved conduction in at least some demyelinated fibers. However, decreased temperature may also slow conduction in normally myelinated fibers.
Methods for Cooling in MS
In spite of anecdotal reports on the positive effects of cooling in MS, to date there has been no controlled evaluation of cooling as a symptomatic treatment in MS. There are a number of practical reasons that may explain the absence of controlled studies. The &dquo;natural&dquo; methods used to cool patients in uncontrolled studies or in anecdotal reports include immersing patients in cold water baths, eating ice, or standing in a cold shower. Such &dquo;nat-ural&dquo; cooling procedures are uncomfortable for many patients and are not well-tolerated. None of these have been evaluated in terms of the drop in core temperature produced, as differentiated from peripheral cooling and patient reported cooling sensation. Inherently, the natural procedures arc not conducive to effective control of cooling parameters and standardization of procedures, and thus are not practical for use in a controlled clinical trial.
A new cooling method in the form of commercially available cooling garments makes it possible to study the effects of cooling in a relatively comfortable setting. The cooling garments are the result of technical development associated with the space program and the need for whole body cooling in adverse work environments (122) . The cooling garments provide a convenient method of cooling for laboratory purposes as well as patient use at home. There are two basic types of cooling garments offered commercially for sale to patients, an active liquid flow garment and a passive garment. In the active flow garment (e.g., Life Support Systems, Inc., Mark VII MicroClimate Sys-teni~~' , Mountain View, CA), a vest and head cap are provided that have an array of hollow tubes sewn in. Cooled liquid (a water/glycol mixture) is actively circulated in a closed loop through the tubes in the garment and between an accessory pack containing ice packs. The liquid is pumped around the ice packs, cooled, and then circulated to the vest and cap to serve as a heat sink for the head and torso, and thus provide cooling of the body. The pas-sive cooling garment (e.g., SteeleVest&dquo;&dquo;', Steele Incorporated, Kingston, WA) uses pre-frozen gel strips held in pockets of a vest that fits snugly about the torso and neck. Comparisons between the cooling effectiveness of these two designs for decreasing core temperature have not been puhlished, although comparisons have been made regarding effectiveness in maintaining body temperature in the face of high environmental temperatures (123) (124) (125) (126) .
As convenient as the cooling garments may appear, there remain many issues concerning their use in therapeutic trials that have not been systematically addressed. In our pilot studies using both the active and passive cooling garments (127, 128) , we found that cooling for about sixty minutes produced significant tympanic temperature decreases with either type. There was considerable variability in the magnitude of temperature decrease both within (over cooling sessions on different days) and between subjects. Temperature decreases up to 0.7°C were obtained in some subjects after sixty minutes of wearing the cooling garment, but no change was obtained in other subjects. Variations of 0.3°C-0.5°C in tympanic temperature decrease following cooling were found in one subject on different days. The variations with cooling exceeded the 0.1°C-0.2°C variations obtained with closely repeated tympanic temperature measurements, and thus were not solely due to measurement error. Physical factors such as patient size, percentage of body rat, clothing worn under the cooling vest, closeness of fit of the cooling garment and cap, ambient temperature, and others may affect the ability to obtain a consistent temperature drop using a fixed cooling procedure. Standard methodology for physical body measurements, temperature measurements and control, and cooling process need to be developed. There also may be inherent differences in homeostatic thermal regulation between subjects, particularly in MS patients who may have autonomic nervous system dysfunction and even pathologic changes in thermal regulation related to the disease (129) (130) (131) . The period of cooling may have to be adjusted for each person with the aid of a reliable core temperature thermometer. Some individuals may take longer to cool than others, and it is possible that some people will not be cooled sufficiently with a cooling garment.
Issues in Measuring Core Temperature
Temperature regulation by the hrain is dependent on cutaneous temperature and temperature of blood as it circulates past specialized receptors in the hypothalamus, although there may be other localized temperature regulation mechanisms in the spinal cord (132, 133) . The most direct method of measuring brain temperature is inserting a temperature probe into brain tissue ( 134) . This invasive procedure is obviously not practical for routine monitoring of core temperature.
A variety of sites for routine, minimally invasive monitoring of core temperature have been proposed and tested ( 135) . The most common site is under the tongue, at the point where several large arteries converge. Other major sites include the rectum, under the arm, in the ear canal at the tympanic membrane, in the esophagus at or near the level of the heart, and in the nasopharyngeal cavity. There remains controversy regarding the optimal practical site for measuring core temperature (136) , and it has been suggested that outside of hypothalamic temperature measures, there may be no single site that can reliably be defined as core temperature (137) .
Rectal temperature has long been used as a stable measure of core temperature, but has been discounted in a number of recent studies as not faithfully showing either the magnitude or time course of core temperature changes under many conditions (138) (139) (140) . Oral temperature can be influenced by local changes in the oral cavity (137, 141) , although it is considered by some at least as valid as a tympanic site (136) .
A deep esophageal temperature probe (at the level of the heart) is considered the method of choice for tracking changes in core temperature, as it measures the temperature of blood flowing from the heart and is minimally affected by air flowing in the esophagus (136, 142, 143) . The disadvantage of esophageal measurement of temperature is the discomfort level to the patient of placing a probe through the nose, deep into the esophagus.
Tympanic temperature measures have long been championed as valid measures of brain temperature (134) . Some studies have shown that when head cooling was not involved, tympanic temperature accurately reflected changes in esophageal temperature, although with a slight time lag (136) . Initial studies were done with a probe inserted into the ear canal that just touched or was at high risk of touching the tympanic membrane, and the procedure was often associated with pain and discomfort and was considered too risky to be practical (136) . With the current availability of infrared technology, tympanic temperature measurement may be the quickest and easiest method of putatively measuring core temperature.
Unfortunately, the use of tympanic temperature as a valid measure of core temperature remains controversial ( 136, 144) . Tympanic temperature has been shown to be uniquely affected by localized facial and head cooling (145) (146) (147) (148) and by changes in ambient temperature (137, 149) . Marcus (145) found that when cold thermal modules were applied to the upper margins of the left ear, a slow fall in temperature was indicated by the left ear probe, but not the right. When the modules were warmed, this trend was reversed in each case. His conclusion was that cooling or heating of the scalp tissues may be a source of error in aural thermometry. Shiraki et al. (150) , in a series of experiments with a twelve-year-old male who underwent brain surgery for implantation of a drain catheter, found that fanning the face reduced tympanic temperature but not temperature in the brain, which followed esophageal temperature. McCaffrey et al. ( 146) found that the tympanic membrane temperatures of their subjects were disproportionately influenced by changes in head skin temperature. By heating and cooling localized regions of the head, changes in tympanic membrane temperature that followed changes in skin temperature on the ipsilateral side of the head could be produced. It has also been argued that head cooling has a preferential effect on brain temperature and that changes in tympanic temperature with head cooling may still accurately reflect brain temperature (151, 152) .
In thc absence of localized head cooling and either high or low ambient temperatures, it can be concluded that tympanic temperature reliably reflects changes in esophageal temperature (and thus core temperature) with a short time lag. Unfortunately, the use of some active flow cooling garments involves a cooling cap on the head that may induce localized cooling in the region of the ear canals.
It is unclear at present whether tympanic temperature is a consistent and adequate measure of core temperature when used with such cooling garments. Additionally, the use of infrared tympanic temperature probes has not been as fully validated in adults against a variety of other temperaturc measures as was the use of thenmocouples at the tympanic membrane. Some pediatric studies have indicated clinically acceptable reliability and validity of infrared tympanic thennugraphy (153) (154) (155) (156) , although the recommended procedure included at least two measurements with an acceptable difference of less than 0.3°C (154) . Infrared tympanic temperatures have been found to be 0.2°C lower than oral temperature and 0.7°C lower than bladder temperature ( 154) . A few studies reported a poor correlation between oral, rectal, and infrared tympanic temperature measures ( 157, 158) or wider variance of tympanic compared to rectal or pulmonary artery values (159) . Proper positioning technique is critical in obtaining reliable and valid measures with an infrared thermometer (160, 161) .
In our experience infrared tympanic temperature drops of up to 1°C could he obtained both with an active cooling garment using a vest and head cap and with only an active or passive cooling vest. When a cooling cap is used, it is possible that local air, skin, and bone temperature changes may disproportionately affect tympanic temperature measurement (145, 148) . Systematic comparisons of multiple core temperature measures in conjunction with different cooling garments (e.g., with and without head caps and neck wraps) are needed to insure that the cooling garments are actually reducing core body and brain temperatures.
